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Modification of Chemical Reactivity via Inclusion Complex Formation:

Photochemistry of Dibenzyl Ketones and Benzyl Phenylacetates
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In the context of employing "inclusion complexes" as a medium for organic photochemical reactions, we have
investigated the photochemical behavior of dibenzyl ketones and benzyl phenylacetates using deoxycholic acid
(DCA). Dianin's compound, and cyclodextrin (CD) as hosts in the solid state. Results on cage effect suggest
that the translational motion of the benzyl radical pairs is restricted in all three media and totally in Dianin's
compound. Products resulting from rearrangement of dibenzyl ketones were formed upon photolysis in Dianin's
compound and cyclodextrin and were absent in deoxychiolic acid. The absence of rearrangement in DCA and
its presence to varied extents in Dianin's compound and cyclodextrin is suggested to be an indication of the restriction
imposed by the host on the reorientational process of geminate radical pairs.

In the context of the study of reactivities of guest clusion complexes as a medium for organic photochemical
molecules and the way in which this reactivity is governed studies. 2  Results described below on photochemical
by the environment, the field of "inclusion complex' holds studies of dibenzyl ketones and benzyl phenylacetates
considerable promise. An essential characteristic of the using deoxycholic acid (DCA), Dianin's compound, and
host in the inclusion complex is its ability to form a solid cyclodextrin (CD) as the host in the solid state represent
structure with hollow spaces of large enough dimension our further interest in exploring the "host-guest" chemistry
to house prospective guests. Crystalline inclusion corn-
pounds may be subclassified as true clathrate-type, in
which the guest molecules are imprisoned in discrete closed ~*(1) Friedman, N.; Lahav, NJ.; Leiserowitz, L.; Popovitz-Biro, R.; Tang,

C.P.; Zaretzkii, Z. J. Chem. Soc.. Chem. Commun. 1975.,864. Farina. M.;cavities or cages (Dianin's compound, cyclodextrin), the Audisio, G.; Natts. G. J. Am. Chem. Soc. 1967.,89, 5071. Brown, J. F.;
channel-type, in which the guest species are accommodated White. D. M. J. Am. Chem. Soc. 1960, 82. 5671.
in continuous canals running through the crystal (deoxy- (2) Turro. N. J.; Wan, P. Tetrahedron Lett. 1984, 25. 3655. Turro, N.

J.,- Wan, P. J. Am. Chem. Soc. 1985, 107, 678. Turro, N. J.; Cheng. C.cholic acid, urea), and the layer-type where the guest C.; Lei, X. G.: Flanigen. E. M. J. Am. Chem. Soc. 1985, 107, 3739.
component is situated between bands of the host structure Goswami, P. C.; de Mayo, P.; Ramnath, N.; Bernard, G.; Omkaram. N., C)

(graphite). Zeolites belong to an intermediate class pos- Scheffer. J. R ; Wang, Y. F. Can. J. Chem., in Press. Padmanabhan. K.;
caviiesinteconecte bychanels Sigifiant Venkateaan, K.; Ramamurthy. V. Can. J. Chem. 1984, 62, 2025. Casa], ~sessing caiisitronce ycanl.Sgiiat H . L; da Mayo. P.; Miranda, J. F.; Scaiasio, J. C. J. Am. Chem. Soc. 1983,

changes in reaction product ratios have been effected by 705. 5155. Aoyasna, H.; Miyazaki, K.; Sakamoto, M.; Ornate, Y. J. Chemn.
carrying out photochemical reactions in DCA and related Soc., Chem. Commun. 1983, 333. Tanaka, 1H.; Toda, F. J. Cherr Soc.

matrces' Ths te wa wa opned or mploingin- Chem. Commun. 1983. 593. Popovitz-Biro, R.; Tang. C. P.; Chang, H.
matrces' Tus he ay as pend fr eploingin- C.; Lahav, M.; Leiaerowitz, L. J. Am. Chem. Soc. 1985,1707, 4043 Tang.

L.; McMullan, R. K. J. Am. Chem. Soc. 1985, 107, 4058. Arad-Yellin, R.;
Indian Institute of Science. BuiS;Green, B.; Knoesow, Ni.; Tioucaris, G. J. Am. Chem. Soc. 1979,
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Table 1. Product Distribution upon Photolysis of Dibenzyl Ketosdes in Various Host Media in Solid State

guest:host' complex, % products'
host ratio mp, *C AA AB BB RP' cage effect," %

Dibenzyl Ketone
a-CD) 1:1.3 99 1
3-CD 1:1 263 91 9
).-CD 1:1 81 19
DCA 1:6 155 99 0
Dianin's compdi 1:45 169 95 5

p-Methylbenzyl Benzyl Ketone
zT-CD 1:1.4 229 1 86 1.5 12 95
DCA 1:8 1710 1.5 97 1.5 0 94
Dianin's compd 1:22 166-167 98 2 100

a-Methylbenzyl Benzy) Ketone
3-CD 1:1 251 1.6 95 1.3 2 94
DCA 1:8 163 1.0 98 1.0 0 96
Dianin's compd 1:46 166-167 98 2 100

Estimated on the basis of GC analysis; yields calcualted with respect to reacted ketone. b Estimated by GC with an internal standard;
error limit *2%. 'RP corresponds to rearranged products 1-phenyl.4'-methylacetophenones and I-phenyl-2'-methylacetophenones.
'Calculated according to the formula (AB - (AA + 13B))/(AA + AB + BB) X 100%.

Table 11. Product Distribution upon Photolyses of Benzyl Phenylacetates in Various Host Media in Solid State

guest~hoet % productsi'
host ratio complex mp. *C AA AB BB

p-Methylbenzyl Phenylacetate
3-CD 1:1 258 <1 99 <1
DCA 1:8 184 <1 'a99l <1
Dianin's compd 1:51 164 <1 99 <1

Benzyl (p-Methoxyp heny1) acetate
3-CD 1:1.3 262 <1 Z99 <1
DCA 1:8 185 <1 Z99 <1
Dianin's compd 1:51 166 <1 :99 <1

p-Methylhenzyl (p.-Methoxyphenyl~acetate
3-CD 1:1.4 256 <1 2 99 <
DCA 1:8 182 <1 2 99 <1
Dianin's compd 1:54 163 <1 :99 <1

Estimated on the basis of GC analysis;, yields calculated with respect to reacted ketone. 'Estimited GC with an internal standard; error
,mit *27'..

to achieve selectivity in photochemical reactions. (4-6) has been explored for understanding the influence
The photodecarbonylation of dibenzyl ketones in ho- of cavity or canal upon chemical reactions. Our results

mogeneous fluid solution occurs via a free-radical pathway presented below indicate that generation of the two rad-
n which coupling products (1,2-diarylethanes) are formed icals A* and B* in the cavity or canal effectively sequesters
in quantitative yield .3  For an unsymmetrical dibenzyl these reactive species in which translational and rotational
ketone (ACOB) the coupling products AA, AB, and BB are motions are restricted. This results in a dramatic en-
formed in the expected statistical ratio of 1:2:1. The so- hancement of selectivity in formation of AB over AA and
utioni photolysis of unsymmetrical benzyl phenylacetate BB.

y ields 1.2-diarylethanes, but a marked cage effect has been
noted in the more viscous solvents (e.g., 4-methylbenzyl Results
4-methoxyphenylacetate, 1:2.5:1 in dioxane and 1:5:1 in Addition of dibenzyl ketones and benzyl phenylacetates
2-propanol).4 Photolysis of dibenzyl ketones and benzyl to saturated aqueous solutions of 8-cyclodlextrin precipi-
phenylacetates have been exploited extensively in several tated a white solid. The solid was washed with excess of
anisotropic environmenta-micellar solution,5 silica sur- water and hexane and dried at 55 *C. Microcrystals of the
faces,6 uncoated glass surfaces,? and liquid crystalline inclusion complexes of DCA with the above carbornyl
media.8  The reaction has been shown to result in en- compounds were obtained by slow evaporation of methanol
hanced cage recombination of geminate radical pairs and from an ice-cold solution containing excess of DCA. Di-
in marked 13C enrichment of recovered starting ketones. anin's compound complexes were prepared by slow crys-
Useful information regarding these anisotropic media has tallization from solutinns of "empty" Dianin's compound
also been obtained through the use of the above reaction, in excess of liquid guest molecules. In some cases mild
In the present study the photochemical behavior of three heating (-40 *C) was required to maintain the guest
dibenzyl ketones (1-3) and three benzyl phenyl acetates molecules in the molten state. DCA and Dianin's com-

______________________________________ pound complexes were washed several times with excess
(3) Engel, P. J. Am. Chem. Soc. 1970, 92, 6074. Robbins, W. K.; of hexane and dried at 55 *C. All three complexes (cy-

Eastman. R. H. J. Am. Chein. Soc. 1970, 92, 6016. ldxrnDCad inn'copu )wrebtnd
(4) Givens. R. S.; Oottle. W. F. J. Orgl. Chemn. 1972, 37, 4325. coetiDA n innscmon)w eotie
(5) Turro, N. J.; Cherry, W. R.. J. Am. Chemn. Sac. 1975, 100, 7431. as white dry microcrystalline solids and were used as such
(6) Frederick. B.; Johnston, L. J.; do Mayo, P.; Wong, S. K. Can. J. for photolysis. Existence of true complexes in all cases was

Chewn. 1984, 62. 403.inerdfo thi pX-apodrifaconatr,
(7) Berett, B. H.; Turro, N. J. J. Amn. Chern. Soc. 1983. 105, 1309. ifre rmtermXry odrdfrcinpten
(8) Hrovst. D. A.; Liu, J. H.; Turro, N. J.; Weiss. R. G. J. Am. Chein. and solid-state NMAR spectra. The X-ray powder pattern

Soc. 1984. 106, 5291. of the precipitated solid complex differed from those of
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the hosts. The solid-state 13C NMR spectra exhibited
peaks corresponding to the guests in addition to the hosts.
The host-guest ratio in each case was determined as fol-
lows. The amount of the guest present in a weighed sam- 1

ple of the complex was determined by GC using internal / '
standard after extracting the guest with suitable solvent. _

Results are presented in Tables I and 11. Close to a 1:1
ratio observed with cyclodextrin is consistent with our
belief that the m ajority of the host m olecules contain one Cyclodet ,,n 0 .o's . ..-o no d Ceo . ......

guest molecule in their cavity. DCA is known 9 to form d2  d, (1 o

complexes with host-guest ratios ranging from 1:1 to 8:1. a 56 88 78 b -.

Formation of an 8:l complex is known with long chain fatty 8 68 108 7 8 7.14 22

acids (C 15-C 29 ) as guests, and the canal length in these r 80 120 78

cases is believed to be -28.9 A. Although, generally the Figure 1. Cavity shapes and dimensions of the three host systems.

host-guest ratio in the case of Dianin's compound'0 
is -6, Scheme I

the unexpectedly large value obtained here is an indication
of either the poor method of complex preparation or dis- @,CH2-A-C-9 - s, - T,

tortion of the host structure by the guest molecule. It is 1 "'x - Co
quite likely that large size of the guests imposes strain on I._ _

the system and thus keeps most of the pockets empty.
Since none of the complexes gave suitable single crystals- C"r C-
for X-ray crystallographic studies, no such investigation
was pursued. (5 -- CH. . &-C._<-f-0 CH ,. (_g-C HI -'3

Photolyses of the solid complexes were done with 450-W
medium-pressure mercury lamp either in degassed and
sealed Pyrex tubes (in the case of dibenzyl ketones) or in (j-Corcr
quartz tubes (for benzyl phenylacetates). After irradiation,
the products were extracted by dissolving the complex in 2_, -c--
suitable solvents and analyzed by GC. Product ratios in- 0
various media are summarized in Tables I and II. In 3 C -C -C CH,--

addition to the decarbonylated products, small amounts 0
of rearranged ketones 1-phenyl-4'-methylacetophenone and_6 kCO- -- Co- cH"
1-phenyl-2'-methylacetophenone were obtained upon
photolysis of dibenzyl ketone I in nonhomogeneous media an hourglass shape that has been cut horizontally across
such as micellar solution," silica surface,6 and zeolite.2  the middle of each globe. 3  The cavity has a length of
Similar rearranged products are also expected for other approximately II A with a midpoint width of 4.2 A and
dibenzyl ketones. In the present study, rearranged prod- maximum upper and lower widths of 6.3 A. The ends of
ucs were obtained in cyclodextrin and Dianin's compound each cage have a width of 2.8 A and are formed by six
and were absent (within GC detection limit, 1% of reacted hydrogen-bonded hydroxyl groups. Cyclodextrins," one
ketone) in DCA matrix. Another interesting feature to of the most commonly used "host" systems possess hy-
come to light was the absence of cage escape products in drophobic cavities that are able to include a variety of
Dianin's compound and their very minor amounts in cy- organic compounds whose character may vary from hy-
clodextrin and DCA matrix (-1-2%). However, with drophobic to ionic. Internal diameters and depth of cy-
benzyl phenylacetates only one product (AB) was obtained clohexaamylose or a-cyclodextrin (4.2-8.8 and 7.8 A), cy-
in quantitative yield in all three media. cloheptaamylose or 0-cyclodextrin (5.6-10.8 and 7.8 A), and

cyclooctaamylose or -y-cyclodextrin (6.8-12.0 and 7.8 A)
Discussion provide cavities for appropriately sized guest molecules.

In the absence of structural data on the inclusion com- Cavity shapes and dimensions of the above three host
plexes under investigation we base our arguements on the systems that are used in the present study are illustrated
structural details available for the inclusion complexes of in the Figure 1. While DCA and Dianin's compound
DCA, Dianin's compound, and cyclodextrin with other belong to a category of polymolecular inclusion compounds,
guest molecules. The cavity/canal chajacteristics of these cyclodextrin belongs to monomolecular inclusion com-
are briefly described below. DCA 2 crystallizes in such a pounds.
manner as to leave a canal in which the guest can be closely Some of the interesting results that need elaboration are
confined. The DCA-guest interactions are hydrophobic, the following. The cage effect is total (100%) for benzyl
and thus the best fit depends principally on the size and phenylacetates, whereas it is so only in Dianin's compound
shape of the guest molecule. The channel size in the ab for dibenzyl ketones. Very small amounts of noncage
plane is -- 4 X 6 A, and the length of the channel varies products (-2%) are formed in the DCA and cyclodextrin
(c axis) depending on the guest molecule. The mole ratio matrixes (Table I). Rearranged products are formed only
of the DCA to guest component depends upon the size of in Dianin's compound and cyclodextrin. Surprisingly they
the guest molecule and so varies from I to 8. Six molecules were absent in DCA medium. A mechanism for photolysis
of Dianin's compound form a cage, and the cages are of of 1-6 is presented in Scheme I. The difference in cage

effect between benzyl phenylacetates and dibenzyl ketones
(9) Herndon, W. C. J. Chem. Educ. 1967, 44, 724. may also be understood on the basis of the different spin
(10) Baker, W.; Floyd, A. J.; Meomie, J. F. W.; Pope. G.; Weaving, A. states involved in the reaction. The decomposition of 1-3

S.; Wild, J. H. J. Chem. Soc. 1954, 2010.
(11) Turro. N. J.; Chow. M. F.; Chung, C. J.; Weed. G. C.; Kraeutler,

B. J. Am. Chem. Soc. 1980, 102, 4843. (13) Flippen, J. L.; Katie, J.; Karle, i. L. J. Am. Chem. Soc. 1970.92,
(12) Jones. J. G.; Schwanzbaum, S.; Leauinger, L.; Low. B. W. Acta 3749,

Cryataflog.. Sect. B 1982, B38, 1207. (14) Saenger, W. Angew. Chem., Int. Ed. Engl. 1980, 19, 344.

;;
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is established 3 as being via triplet, while analcgo'as es-ers' it becomes i,nmediately obvious that the field of selective
are believed to follow a singlet pathway. Long lifetime of photochemistry through clathration stretches limitlessly
the triplet benzyl radical pairs (derived from dibenzvl ahead.
ketones) probably allows them to move farther in the host
matrix and thus may result in a small percentage of non- Experimental Section
cage products. Materials. Dibenzyl ketone (Aldrich) was twice distilled prior

Unit cage effect observed for 1-3 in Dianin's compound to use. Dibenzyl ketones 2 and 3 and benzyl phenylacetates 4-6
is completely in accord with the structure of the Dianin's were prepared by following reported procedures.4"1s All samples
compound. Although the cavity size is large enough to were purified by preparative TLC (silica gel, hexane-benzene).
accommodate 1-3, the ends of the cavity are narrow and Cyclodextrins (a, 0, and -y) and deoxycholic acid were obtained
therefore the radical pair cannot escape from the cavity, from Sigma and were used as received. Dianin's compound was
Indeed 100% cage effect is expected. Small noncage prepared by following the literature method." unsolvated Di-
products (-2%) observed in DCA and cyclodextrin are anin's compound was obtained by dissolving the above compound
unexpcte as(2 oerouldave expCtend 10cerag e in hot aqueous NaOH and passing C02 through the solution forunexpected as one would have expected 100% cage effect about 30 rin.
in solid matrix. However, the packing arrangements in Apparatus. UV-vis absorption spectra were recorded on a
both systems are such that there is a canal present. Shimadzu UV-180 double-beam spectrometer. IR data were
Therefore, a small percent of escape of the geminate radical obtained with a Perkin-Elmer infrared spectrometer (Model 730).
pairs via the canals is not surprising. Another possibility Varian T-60 and Bruker HW-270 FT NMR spectrometers were
is that a few percent of noncage products may also derive used for recording 'H and "C NMR spectra, respectively. Sol-
from small pockets of bulk liquid trapped by polycrys- id-state '3C NMR spectra were obtained by Dr. J. Ripmeester
talline sample. This possibility cannot be ruled out on the using a Bruker FT CXP-200 instrument. X-Ray powder pho-
basis of available structural information. Thus the results tographs were recorded with a Phillips powder diffractometer
on cage effect suggest that the translational motion of the employing monochromated Cu Ka radiation. Gas chromato-

graphic analyses were carried out on a Chemito GC instrumentbenzyl radical pairs is restricted in all three media. (Model 3800) fitted with a SE-30 5% column (8 ft x 1/s in.) andRearranged products (substituted acetophenone) were a thermal conductivity detector. Irradiations were carried out
formed upon photolysis of dibenzyl ketones in Dianin's with either a 450-W medium-pressure mercury lamp or a Rayonet
compound and cyclodextrin. These products have been reactor (RPR-100) fitted with 254-nm lamps.
proposed to arise via recombination of the original acyl Preparation of Inclusion Complexes. Cyclodextrin com-
benzyl radical pair with subsequent rearomatization plexes were prepared as below. To a saturated aqueous solution
(Scheme 1)."' In the case of dibenzyl ketone and a-me- of cyclodextrin, equimolar amounts of the guest molecule were
thylbenzyl benzyl ketone para and ortho coupling products added and stirred for 24 h. The white precipitate that formed
are expected, whereas p-methylbenzyl benzyl ketone could was filtered, washed with cold water and ether, and dried at 50

°C for 10 h. Microcrystals of DCA complexes were obtained by
give more than two, depending upon the site of cleavage, slow evaporation of the solvent from a methanol solution of DCA
Only in the case of dibenzyl ketone was unequivocal (4 mM) and guest compound (I mM). DCA complexes were
identification of 1-phenyl-4'-methy!acetophenone made by washed several times with cold hexane and dried. Dianin's
comparison with an authentic sample. In other cases complexes with 1-6 were prepared by slow crystallization of
products eluting in the GC very close to the starting ketone unsolvated Dianin's compound from the guest liquids 1-6. In
were presumed to be rearranged products. The opportu- certain cases heating to 80 °C was required to dissolve the host.
nity for rearrangement would be enhanced by the longer Microcrystalline complexes thus obtained were washed several
lifetime of the geminate radical pair (phenylacetyl radical times with hexane and dried. Inclusion complexes were char-
and benzyl radical) and by their freedom to undergo ro- acterized by their mp, X-ray powder photographs, and solid 1

3C
NMR spectra. The host-guest ratio was determined by GCtational motion within the restricted space. There is as analysis. The amount of 1-6 present in a known amount of the

yet little information about motional processes of guest complex were determined by the GC integration of the guest peak
moleculE in complex clathrates. In the absence of such with respect to the added internal standard (diphenyl ethane).
knowledge, chemical studies such as this can be informa- Photolysis. Irradiation of dibenzyl ketone complexes were
tive. The large cage effect observed in all three media for carried out in a Pyrex tube using a 450-W medium-pressure
1-3 certainly suggests that the host medium is greatly mercury lamp and that of benzyl phenylacetates complexes in
restricting the movement of benzyl radicals. Therefore, quartz tubes using a Rayonet reactor fitted with 254-nm lamps.
the absence of rearrangement in DCA and its presence to Samples were degassed (10-' mm) prior to irradiation and were
varied extents in Dianin's compound and cyclodextrin is rotated periodically during irradiation. Generally irradiations
probably an indication of the restriction imposed by the were stopped at -20% conversion (8-12 h), and products were

extracted as follows. Cyclodextrin complexes were dissolved inhost on the reorientational process of geminate radical warm water and extracted with chloroform. DCA and Dianin'spairs. The rotational process required for the rearrange- complexes were dissolved in hot aqueous methanol and extracted
ment certainiy mems to depend on the space available for with hexane-chloroform mixture (9:1). Products were analyzed
the guest molecule. Yield of 1-phenyl-4'-methylaceto- by GC and 'H NMR.
phenone from dibenzyl ketone increases with the cavity
size of the cyclodextrin (-y > 0 > a). Therefore absence Acknowledgment. V.R. thanks the Council of Scien-
of rearrangement in DCA is possibly due to the small size tific and Industrial Research, Government of India, and
(4 X 6 A) of the canal. Dianin's compound having slightly N.J.T. the National Science Foundation and the Air Force
larger cavity (6.3-A diameter) allows for rearrangement but Office of Scientific Research for financial support. Dr. J.
not to the same extent as cyclodextrin (7-11-A diameter). Ripmeester is thanked for 13C NMR spectra of the solid

Thus the results presented here illustrate that inter- complexes.
esting effects can be obtained by carrying out photo- Registry No. Dibenzyl ketone-(a-CD) (1:1.3), 99766-03-7;
chemical reactions using organic host lattices. In view of diberzyl ketone-(B-CD) (1:1), 99765-87-4; dibenzyl ketone-(y-CD)
the possibilities of predesigning a host from our knowledge
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